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Strain-induced perpendicular magnetic anisotropy
in ultrathin Ni films on CuzAu(00 1)
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Abstract

We have investigated magnetism, morphology and structure of nickel films grown on Cu;Au(0 0 1) to explore the
potential of modifying magnetic anisotropies by epitaxial strains. Ultrathin films from the submonolayer region up to 55
monolayers (ML) were grown epitaxially on a CusAu(0 0 1) single crystal. Layer-by-layer growth is observed up to
10 ML. A quantitative analysis of the low-energy electron diffraction (LEED) pattern reveals coherent film growth up to
5 ML. Between 5 and 8 ML the in-plane lattice constant is reduced by 4%, which corresponds to a reduction of the film
strain by 70%. This is accompanied by an increase in the interlayer spacing, which is in quantitative agreement with
predictions of linear elasticity theory. Kerr measurements show that the films have an in-plane magnetization in the
thickness region from 3 to 5 ML and for thicknesses larger than 12 ML. Between 5 and 12 ML z perpendicular
anisotropy is observed which is particularly pronounced between 8 and 10 ML. This reorientation of the magnetization
direction is caused by the coherency strain in the film.

PACS: 61.50.Ks; 68.35.Rh; 75.30.Gw; 75.50.-y; 75.70.Ak

Keywords: Perpendicular magnetic anisotropy; Magnetoelasticity; Epitaxial strain; Ni thin films; Structure and mag-
netism

1. Introduction responding bulk material. This offers interesting
opportunities for technical applications. In mag-

It is well known that thin film properties often netic storage media, the quest for materials with
deviate considerably from the properties of the cor- a perpendicular magnetic anisotropy is an ongoing

research effort. A variety of approaches has been
explored to stabilize a perpendicular magnetic an-

isotropy [1]. Elastic strain due to epitaxial growth
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evidence for this behaviour has been found for
epitaxial Ni films on Cu(0 0 1), which show a per-
pendicular magnetic anisotropy between 12 and
75 ML [2-4]. The reorientation of the easy mag-
netic axis has been attributed to the coherency
strain in the nickel films. Nickel has a lattice con-
stant of 3.524 A, while that of copperis 3.61 A. The
resulting lattice mismatch is less than 2.5%. As
CusAu(0 0 1) has a lattice constant of 3.745 A, the
lattice mismatch of nickel on this substrate is 6.3%.

According to elasticity theory, in the case of
pseudomorphic growth, the Ni should grow in
a face-centered tetragonal phase on CuzAu(00 1);
see Refs. [5, 6]. Due to the large mismatch for this
growth mode, the switching thickness from in-
plane to perpendicular easy axis should be much
smaller than in the case of Ni/Cu(0 0 1).

2. Experimental

All experiments were performed in an ultrahigh
vacuum (UHV) chamber which has already been
described elsewhere [7]. The chamber is equipped
with a low-energy electron diffraction (LEED) and
medium-energy electron diffraction (MEED) sys-
tem, a cylindrical mirror analyzer (CMA) for Auger
analysis and a pair of Helmholtz coils to apply
a magnetic field up to 1 kOe. The base pressure in
the UHV chamber is 3x107° Pa. A polished
Cu;Au(0 0 1) single crystal was used as a substrate,
with a surface orientation better than 0.1° against
the (0 0 1) surface normal. After cleaning by Ar-ion
etching at 2 keV and annealing cycles up to 775 K,
the contamination level was below the detection
limit of the Auger system. The CusAu substrate
showed the sharp and well-known ¢ (2 x 2) LEED-
pattern, due to the chemical order of the Cu and Au
sublattices which exists below the order/disorder
transition at 663 K [8]. The evaporation source
was a thin Ni-platelet of 10 mm diameter, 0.2 mm
thickness-and 99.98% purity, heated by radiation
of a tungsten filament. During evaporation, pres-
sure did not exceed 2 x 10~ % Pa. The growth of the
films was monitored by MEED, employing elec-
tron energies of 3 keV at an angle of incidence of
around 5° against the surface. The resulting diffrac-
tion pattern was displayed on the fluorescent screen

of the LEED system. The intensities of up to 8 dif-
fraction spots were measured simultaneously using
a videocamera and a PC data acquisition system.
As the MEED curves showed layer-by-layer
growth, it was possible to provide a calibration
curve for thickness determination. The oscillation
period corresponds to the time necessary for one
monolayer to complete [9, 10]. From this quantity
the evaporation rate was determined. Using this
evaporation rate, which was checked to be constant
to within +3%, Auger spectra were recorded as
a function of nickel coverage. Fig. 1 shows the
intensity ratio of the Auger peak at 848 eV, pre-
dominantly a Ni Auger transition, and the Cu Au-
ger peak at 920 eV as a function of film thickness.
The solid line represents the best fit to the data. In
the following we have used the Auger intensity
ratio of an arbitrary film to determine its thickness.
This is particularly helpful when characterizing
wedge-shaped films which allow for a fast correla-
tion of growth, structure and magnetism. Since the
Kerr rotation is rather small for nickel, the
measurement of hysteresis loops becomes difficult
for ultrathin films of a few ML with a more conven-
tional setup. To improve sensitivities, we have re-
corded the dynamic magnetic susceptibility as
described in Refs. [11, 12]. The susceptibility has its
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Fig. 1. Thickness calibration curve for Ni films on
Cu3Au(0 0 1). The circles show the ratio of Auger signals from
film and substrate, depending on film thickness. The solid line
represents the best fit to the data.
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maximum value at the Curie temperature. This
method was applied to films from 2 to 15 ML.

3. Results and discussion
3.1. Film growth

A number of MEED curves was recorded for
different growth conditions. Films were grown at
deposition rates between 0.3 and 2.4 ML/min and
sample temperatures of 100, 200 and 300 K. Fig. 2
shows the MEED curve of the specular beam at
300 K. The characteristic features of this curve are
deep intensity minima at 1 and 5 ML, regular
intensity oscillations between 2 and S ML and be-
tween 7 and 11 ML and another broad intensity
minimum between 12 and 16 ML. Regular intensity
oscillations are the characteristic feature of layer-
by-layer growth [9, 10]. This raises the question
what causes the intensity minima at 1 and 6 ML
and above 12 ML. To answer this, the film mor-
phology was alsc analyzed with LEED. Around
1 ML thickness, an energy-dependent broadening
of the LEED spots is observed which indicates that
the films have-a high step density. This is in line
with the high surface free energy of Ni (2.08 Jm™3),
which exceeds the surface free energy of the sub-
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Fig. 2. MEED intensity of the specular beam at 300 K sample
temperaturs. Regular intensity oscillations between 2 and 5 ML
and between 7 and 11 ML indicate layer-by-layer growth. While
the intensity minimum at 1 ML is caused by a high step density,
the minimum at 6 ML is caused by changes in film structure.

strate components Cu (1.577J m~3) and Au
(1.33 T m~?). Hence, Ni does not want to wet the
CusAu substrate. This explains the intensity min-
imum around 1 ML. A very similar film growth has
been observed for the first five ML of Fe on
Cu(0 0 1), where again the energetics favour a non-
wetting film growth [13].

The intensity minimum at 6 ML must have a dif-
ferent origin, however. This is shown by LEED
observations of an oscillating width of the specular
beam as a function of energy in this thickness range.
On a wedge-shaped sample an oscillation of the
broadening of the specular beam could be ob-
served, depending on film thickness. While sharp
spots were observed at thicknesses of 5,6 and
7 ML, broad and diffuse spots are seen at 4.5,5.5
and 6.5 ML for selected energies. This is the charac-
teristic feature we expect for layer-by-layer growth
[14, 15]. Presumably, the minimum in the MEED
curve at 6 ML is therefore caused by other effects
such as changes in film structure. This is also sup-
ported by growth experiments at lower sample tem-
peratures. MEED curves recorded at 200 and 100 K
show no intensity oscillations, indicating that at
these growth temperatures the nickel adatom mo-
bility is not sufficient to sustain layer-by-layer
growth. Nevertheless, both MEED curves show
a clear intensity minimum between 5 and 6 ML,
which gives evidence for a similar structural change
in this thickness range for all growth temperatures.

Finally, we want to point out that the oscillation
amplitude in the MEED curves is decreasing with
film thickness. This might be related with an Au
segregation to the film surface. The Auger data
show a small but discernible Au signal even for
films up to 8 ML. The intensity of the gold Auger
transition at 69 eV is decreasing with film thickness
and vanishes around {2 ML. Possibly these Au
atoms act as surfactants, allowing layer-by-layer
growth of the nickel films. Such a scenario would
explain the decreasing MEED oscillation ampli-
tude with a decreasing number of Au atoms on the
film surface with growing film thickness.

3.2. Strucrure

The structure of the films was investigated by
LEED. Only films grown at room temperature
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were investigated. After evaporation, the samples
were cooled down to 90 K to obtain a sharp and
intense diffraction pattern. For films up to 1.5 ML,
the ¢ (2x2) LEED pattern of the substrate is still
visible. Above this coverage only a (1 x 1) LEED
pattern is observed. An analysis of wedge-shaped
films shows that between 1.5 and 5.5 ML the LEED
spots of the (I x 1) structure do not change their
position with varying thickness. This implies that in
this film thickness regime the nickel films grow
pseudomorphic on the substrate surface. Above
5.5 ML, satellite spots occur at larger k-values in
the vicinity of the substrate spots. They ‘move’ in
FCC [0 1 1]-direction with increasing thickness.
To determine the interatomic spacing in the film,
LEED profiles were taken for a variety of thick-
nesses. For a square lattice, there is a particularly
simple relation between unit vectors in real space,
(a; a;) and reciprocal space, (k; kj): k;a; = 215,
and thus, a;, = a; -k, /k,. Here, k, is proportlonal to
the distance between the (1 0) spot and the specular
beam; k, is proportional to the distance between
the satellite spot and the specular beam; a; corre-
sponds to the lattice constant of the CuzAu-sub-
strate, 3.745 A. ki and k, are determined from
diffraction profiles, such as the one shown in Fig. 3
which displays a LEED intensity profile of
a 6.3 ML film. The profile is taken along the FCC
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Fig. 3. LEED intensity profile of a 6.4 ML film, taken along the
FCC (110)-direction. The genuine (1 0) spot and (T 0) spot
correspond to the pseudomorphlc Ni phase with an in-plane
lattice spacing of 3.745 A. The (1 0) spot and (T 0) spot corres-
pond to a relaxed film phase with a smaller in-plane lattice
spacing. The intensity between the (T 0) spot and the (1 0) spot is
caused by the (0 0) beam and the electron gun.
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Fig. 4. Dependenoe of film strain eq = (ag — ay)/ag in % upon
film thickness in A. The open circles are derived from the posi-
tion of intensity maxima such as the ones shown in Fig. 3. These
maxima do not shift below approximately 9 A, decreasing in-
plane spacings are observed above this thickness. The data point
at 90 A comes from a full dynamical LEED analysis [15]. The
solid and broken lines describe theoretical predictions for the
film strain. The solid line corresponds to eq(h) = nh/h for h > h,
and eo(h) = h for h < h, as suggested by Ref. [17]. The broken
line describes a fit ansatz as used by Ref. [16], i.e. eq(h) = m/h®,
where a and m are fit parameters. In our case the best fit is
obtained for m = 18.8 and a = 0.76.

[0 1 1]-direction. From this analysis, the nearest-
neighbour spacing in the film can be determined
with considerable precision (Fig. 4). These measure-
ments confirm coherent growth up to 5.5 ML.
Between 5.5 and 8 ML, the in-plane spacing is
reduced to approximately 3.6 A. This value is still
larger than the lattice constant of FCC nickel
(3.52 A), hence, at this thickness the film is not fully
relaxed to its bulk structure yet.

According to elasticity theory, changes in the in-
plane spacing should be accompanied by changes
in the interlayer spacing. To detect such changes,
a series of LEED I(V) curves for films of different
thickness (Fig. 5) was recorded. Both the peak posi-
tions and the width of the peaks change with in-
creasing film thickness. Particularly broad peaks
are observed between 6 and 10 ML. The corres-
ponding LEED pattern displays broad spots in-
dicative for a high degree of disorder. Above
11.5 ML, the maxima in the I(V) curves become
narrower and the corresponding LEED pattern
displays sharper spots. This shows that the struc-
tural order of the film is improving considerably
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Fig. 5. LEED-I{V) curves of the specular beam for different film thicknesses. Changing peak positions and peak widths indicate changes

of film structure.

above 11 ML. These data have been compared with
full dynamical calculations which will be presented
elsewhere [16]. Here we will discuss a much simpler
analysis of the data. The intensity of the specular
beam, which is most sensitive to changes of the
interlayer distance d,, was recorded close to normal
incidence. Within the kinematic theory, the inter-
layer spacing of the film can be determined from the
energies where the intensity has a maximum in the
LEED I(V) curves. If the electron beam encloses
the angle ® with the surface normal, the maximum
of the diffracted intensity of order » is found at an
electron energy E,, given by the following equation,
if dynamic scattering processes are neglected:

, 1504
s e
where ¢g is the inner potential of the film. With
increasing thickness, the peaks move towards posi-
tions of lower energy, which corresponds to an
increasing interlayer distance of the films according
to Eq. (1). The resulting interlayer spacings are
displayed in Fig. 6. The data have to be considered
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Fig. 6. Interlayer spacing of the Ni films in A as a function of
film thickness in A. The open squares describe data points
derived from the kinematic analysis of I/V curves. The solid
square is the data point for a thick film determined by a full
dynamical LEED analysis. For reference purposes the bulk
interlayer spacing of CuzAu(0 0 1) and Ni(0 0 1} is displayed as
a solid triangle pointing up and down, respectively. The open
circles describe interlayer spacings determined from the in-plane
spacing in conjunction with the epitaxial line. The solid circle
comes {rom aq as derived by a full dynamical LEED analysis. It
is evident that above 10 A the data points for the interlayer
spacing as determined by the two different approaches agree
fairly well.
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with considerable caution. For very thin films the
influence of the substrate has to be taken into
account. Therefore, only films thicker than approx-
imately 5 ML are considered in the following. The
increase of the interlayer spacing of the film is
accompanied by a decrease of the in-plane spacing.
This is characteristic for the structural transforma-
tion towards relaxed and strain-free bulk nickel
films. Yet, the kinematic analysis implies that even
at 20 ML thickness the films are not yet fully re-
laxed. This is supported by the full dynamical
LEED I(V) analysis for a 55 ML thick film which
determines the bulk interlayer spacing to 1.73 A
and the in-plane lattice constant to 3.56 A [1e].
These values are slightly smaller, respectively lar-
ger, than the corresponding strain-free interlayer
spacing of 1.76 A and the in-plane lattice constant
of 3.52 A, respectively. This corroborates the con-
clusion of the kinematic analysis of interlayer spac-
ing and the determination of in-plane spacings
from LEED profile measurements that even films
at 20 ML and above are not yet completely relaxed.
For a more quantitative understanding of the bi-
axial film strain and the interlayer spacing as
a function of film thickness h, we compare our
experimental data with theoretical predictions. The
corresponding theory is described in detail in Ref.
[17] and references therein. For Ni on
Cu;Au(00 1), with a misfit # of 6.3%, a critical
thickness for dislocation formation h, of 4.3 A
(=23 ML) is expected. Below this thickness, Ni
films should grow with a constant in-plane strain of
ey = 1. Above this thickness, the strain can be ap-
proximated by [18] o

h,
h b
These predictions from theory are displayed as
a solid line in Fig. 4, together with the experimental
data. One can see that the experimental data points
above 10 A are described fairly well by the theoret-
ical predictions. The error bar for each of these data
points is +0.6% for a,. The data point at approx-
imately 90 A comes from the full dynamical LEED
analysis of in-plane and interlayer spacings of
a thick Ni film on CusAu(0 0 1) [16]. Here the error
bar is approximately +0.9%. All data points
above 10 A agree fairly well with the predictions

ey =1 h>h,. (2)

of theory. Discrepancies between theory and ex-
periment are observed for films with thicknesses
below 10 A. Theory ([17] and references therein)
would predict the formation of misfit dislocations
above a critical film thickness of 4.3 A. Experi-
mentally only above 9 A a substantial change of
in-plane spacings is observed, however. Two pos-
sible explanations can be given to account for the
discrepancies between theory and experiment. First
of all, the analysis of in-plane spacings is based on
the analysis of diffraction scans such as the one
shown in Fig. 3. From the position of the max-
imum of intensity of the diffraction peak the in-
plane spacing is derived. Above approximately
2.3 ML, in these profile measuremerits an increase
of intensity adjacent to the (1 0} diffraction peaks at
larger wave vectors is observed. This is indicative
for the formation of a phase with smaller in-plane
spacing as expected for the onset of dislocation
formation. However, since the intensity maximum
does not yet shift its position, Fig. 4 displays an
unchanged in-plane spacing up to 9 A. Further-
more the question arises how well linear elasticity
theory can describe the behaviour of ultrathin
films with a considerable misfit of approximately
6%. Bochi et al. [17] have recently determined
the strain of Ni films on Cu(001) and on a
Cuy - Ni (00 1) surface. They fit their film strain
data by a slightly modified version of Eq. (2}, ie.
e(h) = m/h°, where a and m are fit parameters. We
have also tried to fit our data with such an ansatz.
The best fit we obtained is displayed as a broken
line in Fig. 4 as well. Even though this fit gives
a slightly better agreement at smaller thicknesses, it
does not lead to a substantial overall improvement.
Using linear elasticity theory, one cannot only de-
termine the critical thickness for dislocation forma-
tion and the film strain as a function of film
thickness, but one can also derive the interlayer
spacing of the film from the misfit strain and the
elastic constants. The corresponding relationship
between film strain and interlayer spacing is called
the epitaxial line [6]. We have used this relation-
ship to determine the interlayer spacing of the Ni
films from the in-plane spacings displayed in Fig. 4.
The resulting interlayer spacings are displayed in
Fig. 6 together with the results of interlayer spac-
ings obtained directly from an analysis of LEED
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I/V curves. The open squares describe the inter-
layer spacing as obtained from a kinematic analysis
of peak positions (Eq. (1)). The solid square de-
scribes the bulk interlayer spacing of a thick Ni film
as obtained by a full dynamical LEED analysis
[16]. Open circles display the interfayer spacing as
derived from the in-plane spacing using the epi-
taxial line. All error bars are of the order of £1%.
One can see that above film thicknesses of 10 A the
interlayer spacing of Ni film determined directly
and via the epitaxial line agree nicely. Substantial
discrepancies are found below 10 A, but here the
kinematic analysis to determine interlayer spacings
does not give reliable data. Hence, we can conclude
that both ways to derive interlayer spacings of Ni
films above thicknesses of 10 A lead to VETY consis-
tent data.

3.3. Magnetism

To investigate the magnetic properties of the
films, hysteresis loops for different film thicknesses
were recorded from wedge-shaped samples (Fig. 7).
The films were grown at room temperature, the
hysteresis loops were measured by MOKE at
a sample temperature of 166 K. For films below
5 ML, the signal was within the detection limit of
our MOKE system. To increase sensitivity, the
experimental set-up was modified as described in
Refs. [11, 12] to detect the film magnetization even
at 3 ML. With this technique the dynamic magnetic
susceptibility is measured. From such data of the
susceptibility as a function of sample temperature
the Curie temperature can be determined. Fig. 8
shows the Curie temperature of the films depending
on film thickness, for both polar and longitudinal
geometry. For films with thicknesses between 8 and
12 ML, no signal was detected in longitudinal ge-
ometry, but in polar geometry, As illustrated in
Fig. 9, in a medium thickness range between 7.5
and 12 ML, no signal for saturation magnetization
was detected in longitndinal geometry, giving evid-
ence for a perpendicular magnetized sample in this
thickness range: Signals in polar geomelry were
detected from 5 to 12 ML, and the hysteresis loops
had rectangular shape from 7.5 to 12 ML. This
confirms the perpendicular anisotropy in this thick-
ness range. In the vicinity of 5 ML, signals were

also detected in longitudinal geometry, indicating
the reorientation transition in this region. In par-
ticular, the measurements of magnetic susceptibili-
ties show that between 3 and 5 ML the flms are
magnetized in-plane. The same holds for flm thick-
nesses above 12 ML where no polar, but a longitu-
dinal signal is detected. The hysteresis loops in this
geometry have a rectangular shape above 20 ML.
The slope of the Kerr ellipticity as a function of film
thickness in the regime 5-12 ML and above 12 ML
remains constant, which is a sign for a homogene-
ously magnetized film. As the sensitivity of the Kerr
effect is much larger for polar measurements,
a dominant in-plane magnetization should exist at
those thicknesses, where a longitudinal signal is
detected mainly. Thus, the switching thicknesses
are at approximately 6.5 and 12 ML. Such a two-
fold reorientation has also been observed for Ni
films on Cu(00 1) [2-4]. But it is clear that the
reorientation is a continuous transition in the sense
that it takes place over a finite thickness range. In
the next section, we will show that a similar driving
force governs the reorientation of the magnetic
anisotropy for both epitaxial systems. In the appen-
dix, we describe how the various contributions of
the magnetic anisotropy affect the direction of the
magnetization vector.

3.4. Correlation of magnetism, morphology
and structure of the Ni films

Fig. 10 summarizes experimental findings for the
growth, structure and magnetism of the films. The
MEED curve in the top portion of Fig. 10 is char-
acterized by regular intensity oscillations indicative
for layer-by-layer growth up to 11 ML. Pro-
nounced minima are observed at 1 and 5 ML.
While the former minimum is related to a rough
surface, the latter is not connected with a rough film
morphology, but must have a different origin. The
analysis of the film structure indicates that a change
in film structure rather than a morphological
change could explain this minimum. The in-plane
lattice spacing, displayed in the centre of Fig. 10,
shows a pronounced decrease for thicknesses
around 5.5 ML. This gives evidence that the film
stress is relieved at this thickness by the formation
of misfit dislocations. The resulting structural
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rectangular shape up to 12 ML. With increasing thickness, the loops become rectangular in longitudinal geometry at approximately
20 ML,
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Fig. 9. Saturation magnetization of the samples, measured for
both Kerr geometries. Absence of signals in longitudinal ge-
ometry and presence of signals in polar geometry between 8 and
12 ML indicate a pronounced out-of-plane magnetization.

disorder of the films could both explain the broad
maxima of the LEED I(¥) curves between 5 and
8.5 ML and the MEED intensity minimum around
5 ML. Connected with these findings is the change
of in-plane lattice spacing around 5 ML, which is
expected once the film starts to relax the epitaxial
stress by dislocation formation. From linear elastic-
ity theory the critical thickness can be calculated
for which dislocation formation becomes energeti-
cally favourable [19]. For the growth of pseudo-
morphic Ni films on Cu(0 0 1) the misfit is 2.45%,
leading to a calculated critical thickness of 18 A
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Fig. 10. Comparison and correlation of morphology, structure
and magnetism for Ni films on Cuz;Au(00 1).

[17]. For the growth of pseudomorphic Ni films on
CusAu(0 0 1) the misfit is 6.3%, leading to a cal-
culated critical thickness of 4.3 A (=2.3 ML). This
value is considerably smaller than the thickness where
we observe a change in in-plane spacing. Yet, beam
profiles measured for thicknesses above 2 and below
5 ML already, show a weak LEED intensity at k-
values larger than those arising from the substrate.
This indicates that above 2 ML already, parts of the
film start to relax until a more massive rearrangement
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proceeds around 5 ML. Hence, the films between
2 and 5 ML are no longer fully strained.

The resulting stress contributes through the
magnetoelastic energy to the magnetic anisotropy.
Calculations which are described in detail in the
appendix determine the reorientation thickness of
the magnetization to approximately 3.5 ML. This
estimate, however, is based on a pseudomorphic
and, hence, fully strained nickel film. Experi-
mentally, the reorientation is only observed around
5.5 ML, in qualitative agreement with the reduced
film stress. For a quantitative comparison between
experiment and theory one would need to know the
film strain precisely. Unfortunately, our present
analysis of the film structure does not allow to
determine this strain with sufficient precision in this
particular thickness regime. Hopefully, our full dy-
namical LEED analysis will allow a more detailed
characterization of both in-plane and interlayer
spacings. An alternative approach would be high-
resolution electron or X-ray diffraction, possibly in
conjunction with techniques that directly measure
the film stress [207]. S

It is interesting to compare the present finding
with the behaviour of nickel films on Cu(0 0 1). For
this system the magnetic reorientation is observed
for thicknesses between 10 and 12 ML [2-4]. The
larger reorientation thickness is in qualitative
agreement with the smaller film strain, caused by
the lattice mismatch of 2.5% between nicke] and
copper. From theory we know that epitaxial Ni
films have a larger magnetic reorientation thick-
ness, the smaller the lattice mismatch is. This is
confirmed, if we consider the system Ni on
Cu(0 0 1) [2-4], where the first reorientation is be-
tween 10 and 12 ML. Our calculation as described
in the appendix determines the reorientation thick-
ness to approximately 11 ML. This excellent agree-
ment might be somewhat fortuitous however, since
any formation of dislocations should decrease the
strains of the Ni films [197 and, hence, change the
reorientation thickness.

4. Summary

Epitaxial Ni films up to 55 ML have been grown
on CuzAu(0 0 1) at room temperature. Up to 5 ML,

these films are predominantly pseudomorphic. Be-
tween 5 and 8 ML, the in-plane lattice constant is
reduced by 4%, which corresponds to a reduction
of the film strain by 70%. This is accompanied by
an increasing interlayer spacing as predicted by
elasticity theory. Kerr measurements show a per-
pendicular anisotropy between 5 and 12 ML and
an in-plane magnetization below 5 and above
12 ML. The reorientation of magnetization is con-
trolled by the film strain. To fully exploit the poten-
tial of tailoring magnetic films with perpendicular
anisotropy, effective means to stabilize large film
stress are highly desirable.
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Appendix A. Calculations on the magnetic
anisotropy

In the following we will derive an expression for
the reorientation thickness of the magnetization of
a thin epitaxial magnetic film. The relationship
depends on the different contributions to magnetic
anisotropy, such as magnetocrystalline, shape and
magnetoelastic anisotropy. Both bulk and surface
contributions have to be distinguished. The former
grow linearly with the film thickness, while the
surface contributions are independent of film thick-
ness. We begin with the magnetocrystalline anisot-
ropy of a cubic crystal, which writes

Glrysall @) = K§ + K} (o703 + aded + 0303)
+ K3ajodos + KY(odod + adad + adad)® + - -
(A1)
for the volume contribution and
Ghrysta(@y) = K3 sin? 0
+ (K3 + K'§ cos(4¢)) sin 0 + - - -
(A2)
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for the surface contribution. The coordinate system
is oriented along the crystal axes. The magnetiz-
ation vector M encloses the angle 8 with the (00 1)
surface normal and the angle ¢ with the [01 0]-
direction. Thus, &, = sin 6 cos ¢, %, = sin §sin ¢
and o3 = cos 0. The anisotropy constants X in the
sums have been determined by various experiments
[217. For the shape anisotropy energy of a thin
plate of infinite extension we obtain

G:;xape = K;;aape Sin2 @a (A3)

which can be applied for ultrathin films. For the
surface contribution of the shape anisotropy one
finds

Gghape = thape Sinz 6 (A4)

Finally, we have the magnetoelastic contribution,
where to our knowledge, only the volume terms are
incorporated up to this time. The magnetoelastic
energy for a cubic crystal writes

2 2
Grnagn.et (Qm. &) = Bi(e1 107 + 2503 + £3393)

+ 2B(81 20,005 + 8330003 + 831030 + 7,
(A.3)

where B, B, are the magnetoelastic constants and
the g, are the strains in the films, i.e. the diagonal
elements of the strain tensor ¢ In this calculation
we only consider systems, where the shear deforma-
tions ¢;; can be neglected. Consider now a tetrag-
onal distorted unit cell with nearest-neighbour
distance « in the tetragonal plane and lattice con-
stant ¢ in perpendicular direction. The nearest-
neighbour distance of the undistorted cubic cell is
denoted aq. Then the strains in the plane are equal
to the lattice mismatch /"

a—dy

611 =83y =f= (A.6)

do

The compression along the c-axis then yields

¢ — GQ\/E c N
= "0V = . — 1. AT
£33 (ZO\/E ao\/_2- ( )

Along the epitaxial line [6]

L <%> ¢o = an /2. (A3)

where ¢ is a function of a. Replacing ¢, we obtain

4 2¢y,
&33 = (%9> - 1: Y= C1~7 (Ag)

C11

where ¢y,, ¢y are the elastic constants. Now the
magnetoelastic energy can be expressed in terms of
the film lattice spacing

Gmagn.el = Bl{(i - 1) sin? 0
do
A
+ ((a_0> - 1> cos? 9}.
a B

For a film with a thickness of 4 monolayers we
summarize the total magnetic anisotropy energy

(A.10)

_ v v v
G - d <Gcrysta1 + Gshape + Gmagn.el>

+ Ggrystal + Gghape- (Al 1)

To simplify the expression, we neglect the volume
contribution of the magnetocrystalline anisotropy.
This can be justified for ultrathin metal films:

G = (KS + KSyape) sin? 0

+ d(Kﬁ,ape sin® 0 + Bi{(i — 1> sin® §
]
+ ((@>' - 1> cos? 0})
a

Replacing cos? @ by (1 — sin? ), we obtain a linear
function in sin® 9, which can be differentiated with
respect to § to minimize energy. The first derivative
of this function vanishes for values of § = 0° and
6 = 90°. Within this approximation, we obtain an
equation for the thickness d .y, where a reorienta-
tion transition occurs, depending on the lattice
constants of the film and substrate material:

- (K;?hape + Kgrystal)
Khape + Bilajag — (afao) ™ *(c12/c11)

To determine the reorientation thickness for
a given epitaxial system ag, ¢, one only needs to
know the elastic constants and anisotropy con-
stants [21] of the film material. An example is
shown in Fig. 11, where the regions of in-plane and

(A.12)

dcrit =

. (A.13)
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Fig. 11. Schematic diagram of the critical reorientation transition thickness d, for thin metal films, depending on the sign of the
magnetic anisotropy constants, as estimated by Eq. (A.13). L denotes the phase area with perpendicular magnetization, and || denotes
the phase area with in-plane magnetization. The dotted line denotes the unstrained state in the film.

out-of-plane magnetization are displayed depend-
ing on the lattice mismatch and the sign of the
anisotropy constants. Of course, it is also possible
to take Gﬁ’,ysml in account, but then the expression
for the reorientation thickness becomes more com-
plex.
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